We present spatially resolved vibronic spectroscopy of individual pentacene molecules in a doublebarrier tunneling junction. It is observed that even for this effective single-level system the energy dissipation associated with electron attachment varies spatially by more than a factor of 2. This is in contrast to the usual treatment of electron-vibron coupling in the Franck-Condon picture. Our experiments unambiguously prove that the local symmetry of initial and final wave function determines the dissipation in electron transport. DOI: 10.1103/PhysRevLett.110.136101 PACS numbers: 68.37.Ef, 63.22.Àm, 73.40.Gk, 73.63.Àb In organic and molecular electronics the electrons are much more spatially confined as compared to inorganic semiconductors, leading to a much stronger electronvibron (e-) coupling [1] [2] [3] . Therefore, e-coupling gives rise to substantial dissipation in such systems, which should be minimized in electronic devices. When an electron tunnels into a given molecule (electron attachment), the nuclei will relax, giving rise to the so-called reorganization energy, a process that is usually treated in the Franck-Condon picture [1]. In the latter, the e-coupling strength for all modes is inferred from projecting the atomic displacements that arise upon electron attachment onto the vibrational eigenmodes [1, 4, 5] . Whereas the wave functions of the vibrational states are crucial in the Franck-Condon picture, it does not account for the electronic wave functions. In contrast to that, we show in this Letter that the spatial position of the electron injection as well as the local wave function symmetry dramatically affect the e-coupling.
In organic and molecular electronics the electrons are much more spatially confined as compared to inorganic semiconductors, leading to a much stronger electronvibron (e-) coupling [1] [2] [3] . Therefore, e-coupling gives rise to substantial dissipation in such systems, which should be minimized in electronic devices. When an electron tunnels into a given molecule (electron attachment), the nuclei will relax, giving rise to the so-called reorganization energy, a process that is usually treated in the Franck-Condon picture [1] . In the latter, the e-coupling strength for all modes is inferred from projecting the atomic displacements that arise upon electron attachment onto the vibrational eigenmodes [1, 4, 5] . Whereas the wave functions of the vibrational states are crucial in the Franck-Condon picture, it does not account for the electronic wave functions. In contrast to that, we show in this Letter that the spatial position of the electron injection as well as the local wave function symmetry dramatically affect the e-coupling.
Our scanning tunneling microscopy (STM-)based experiments are performed in a double-barrier tunneling junction, enabling spatially resolved vibronic spectroscopy [6, 7] . This regime is highly relevant, resembling electron hopping in organic and molecular electronics. Note that vibronic spectroscopy is very different from usual STMbased inelastic electron tunneling spectroscopy [8] , for which it has been realized that the symmetries of wave functions play an important role [9] [10] [11] .
As a model system we chose pentacene, which is widely used in organic electronics and one of the best studied systems [4, 5, 12, 13] . We consider only transport involving the first molecular resonances, attributed to occupation and depletion of the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) level, respectively. Effectively, this renders a single-level system. If several molecular orbitals are closely spaced in energy, tunneling into different orbitals and mixing of vibronic states [6, 14] may lead to spatial variations of the e-coupling, which can be ruled out here. In our system, transport involving further orbitals (LUMO þ 1, HOMO À 1) can be excluded due to energy differences of more than 1 eV [12, 15] .
In our low-temperature STM setup we use ultrathin insulating films on copper single crystals as substrates giving rise to a double-barrier tunneling junction geometry. As insulating films we chose Xe, RbI, and NaCl islands [16] .
Coupling to phonons in the insulating film gives rise to a significant broadening of spectroscopic features [17] with increasing broadening from Xe to RbI to NaCl. This substrate-induced broadening should occur independent of the e-coupling to vibrational modes inside the molecule, which is addressed here. In addition, the different work functions of our combined insulator-substrate systems gives rise to an overall shift of molecular resonances from one system to the next [18] . To keep changes of the Stark shift to a minimum, we acquired all spectral series in constant height mode; that is, all spectra at different spatial positions for a given system are acquired with the same vertical distance from the insulating film [19] .
Figure 1(a) presents differential conductance (dI=dV) spectra of the LUMO-related peak above the end and the center of a single pentacene molecule adsorbed on a monolayer of Xe [16] . We emphasize that the entire peak structure has to correspond to the same electronic resonance, with varying contributions of vibrational excitations, since the LUMO þ 1 state is too high in energy to contribute [12, 15] . By comparing spectra taken at different positions, it is clear that the centroid [21] of the peak is found at higher energy at the center of the molecule than at the end; see Fig. 1(d) . Within the entire peak structure the local maximum that is lowest in energy can be assigned to the elastic tunneling contribution [4] . (Our spectra are solely determined by tunneling processes between tip and molecule and not by those between molecule and substrate. Our definition of
week ending 29 MARCH 2013 elastic therefore only considers the former.) For pentacene on Xe films, where the energy resolution is best, this can be attributed to V % 2:18 V. When comparing the spatially resolved vibronic spectra, one realizes that at the center of the molecule this elastic contribution is strongly suppressed. The difference between the energy of elastic tunneling and the one of the centroid of the entire peak structure equals the reorganization energy . As can be seen in Fig. 1(d) , varies spatially by more than a factor of 2. Data on pentacene molecules adsorbed on a bilayer of RbI [ Fig. 1(c) ] reveal the same spatial dependence of the peak structure as observed on Xe islands. Also for NaCl as an insulating film [Figs. 1(b) and 1(d)], the centroid of the entire peak structure shows similar lateral variations as for Xe and RbI, apart from a small feature at the center [22] . Hence, these effects have to be associated with tunneling into different parts of the molecule. Pentacene, having only C-H and aromatic C-C bonds distributed over the molecule, does not have highly localized vibrational modes, such that this can also be ruled out as a reason for the different e-coupling.
To investigate the spatial dependence in detail, we have measured spatial maps of the LUMO-related peak structure on RbI [16] . To visualize characteristic differences in the measured data, each spectrum was fitted to a sum of three Gaussian curves corresponding to elastic tunneling and two vibronic side peaks at higher energy [16] . Because of energy broadening and a multitude of possible vibrational modes with different symmetries [23] [24] [25] , there is some arbitrariness in choosing the peak positions for fitting [26] . The data are reproduced well by the fits as demonstrated in Fig. 2(a) . The elastic contribution, presented in Fig. 2(b) , is high at the ends of the molecule and smoothly decreases to the center of the molecule. This is consistent with the individual spectra on different insulating films discussed above. The ratio of the vibronic peaks to the elastic peak, presented in Figs. 2(c) and 2(d), is close to zero at the ends of the molecule. In contrast, the ratio for the first vibronic peak is above unity at the center and the ratio between both vibronic peaks is almost constant.
Next, we will address the physical origin of the observed effect. It was realized long ago that tunneling from metal tips occurs predominantly via states with s-wave character, since those states penetrate much further into vacuum as compared to others [27] . Recently, it has been realized that this suppresses elastic tunneling into graphene flakes, since in graphene only high-momentum states are available at the Fermi level [28] . The excitation of a phonon facilitates tunneling by providing the required momentum. In analogy to optical excitations in indirect semiconductors, this process was referred to as ''phonon-assisted tunneling.'' The physical arguments can be carried over to molecular systems, where the local symmetry instead of momentum has to be preserved. As depicted in Fig. 2(f) , with the tip being located at the end of the molecule, the LUMO exhibits locally s character and tunneling can occur via the s-wave tip states [9] . At the center, however, the LUMO has a high nodal plane density and the overlap integral to an s-wave tip state is greatly reduced. The tunneling matrix element for tip states of matching p symmetry is much smaller, since these states fall off much more rapidly towards the molecule [27] . Only if the tunneling process is accompanied by an excitation of a vibrational mode coupling the two electronic wave functions, tunneling may still proceed via s-wave states of the tip. This picture of vibrationassisted tunneling provides a straightforward explanation of the spatial variation of elastic and inelastic contributions seen in our experiments.
To prove that the local symmetry of the orbital is indeed decisive, we compared dI=dV data for tunneling out of the HOMO and into the LUMO along the long molecular axis (on axis) and parallel to it (off axis); see Fig. 3 . The data coincide for the LUMO, since the symmetry is the same for on and off axis; see Figs. 3(e) and 3(f). In contrast, the HOMO has a nodal plane on axis. Neither of the alternating p and d spots match the symmetry of an s-wave tip, resulting in negligible variations of the centroid in Fig. 3(a) . For the off-axis line cut [ Fig. 3(b) ] the centroid is shifted to lower absolute voltage at spots of local s character. Thus, the data for both orbitals confirm our symmetry considerations.
Another test case for the hypothesis is to suppress the strong preference for s-wave tunneling for the tip states. Functionalizing the tip with a CO molecule [29] strongly enhances p-wave character relative to s-wave, due to its -molecular orbitals. As a CO tip does not have purely p character and the larger penetration of the s-wave character into vacuum still holds, the situation is not simply reversed. However, the enhanced p-wave character of the tip states should render a different spatial dependence of vibrationassisted tunneling. Indeed we observe that characteristics and spatial dependence of the peak structure change qualitatively for CO tips, as presented in Figs. 3(c) and 3(g) . In agreement with the assumption that CO tips show s and p character, the deviations of the centroid along the LUMO are smaller for CO tips as compared to metal tips. Now, we consider the HOMO along the molecular axis. In this case, only the p spots match the tip symmetry, and hence the variations of the centroid are much more pronounced for CO tips as compared to metal tips.
The concept of vibration-assisted tunneling can be rephrased in the following way: at energies directly corresponding to the electronic excitation (without any excess energy), the local symmetry of sample states has to match the one of the tip. At higher energies, the excess energy can be used to excite a vibrational mode coupling different symmetries in tip and sample. Following this reasoning and assuming that CO tips show predominantly p character [29] , one would expect to see the p character most pronounced for voltages corresponding to the onset of an electronic resonance. At higher absolute bias voltages, the p character becomes blurred and the s character in the images increases. Our experiments support this picture. The CO-tip orbital image at the onset of the LUMO in Fig. 4(a) resembles the calculated p-wave STM image shown in Fig. 4(c) [29] . As expected, the corresponding image at higher voltage [ Fig. 4(b) ] bears We emphasize that the physics discussed here is not limited to STM experiments. For example, it will be relevant for electron hopping in organic crystals [30, 31] . We demonstrated how the reorganization energy can be measured spatially resolved and that the spatial variations exceed a factor of 2. Our findings suggest that the dissipation in electron transport through organic semiconductors will strongly depend on the alignment of orbitals of adjacent molecules and therefore be highly dependent on the crystal structure. Similarly, it sheds new light on single molecule electronics [2, 3, 32] , where it is relevant for the coupling to the lead.
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